The hitherto unknown 2-methylsulfanyldecanoic acid and 2-methylsulfanyldodecanoic acid were synthesized from methyl decanoate and methyl dodecanoate, respectively, through the reaction of lithium diisopropylamide and dimethyldisulfide in THF followed by saponification with potassium hydroxide in ethanol. Both α-methylsulfanylated FA were cytotoxic to the human chronic myelogenous leukemia K-562 and the human histiocytic lymphoma U-937 cell lines with EC 50 values in the 200-300 µM range, which makes them more cytotoxic to these cell lines than decanoic and/or dodecanoic acid. The cytotoxicity of the studied FA toward K-562 followed the order 2-SCH 3 -12:0 > 2-SCH 3 -10:0 > 10:0 > 12:0 > 2-OCH 3 -12:0, whereas toward U-937 the cytotoxicity was 2-SCH 3 -10:0 > 2-SCH 3 -12:0 > 12:0 > 10:0 > 2-OCH 3 -12:0. These results indicate that the α-methylsulfanyl substitution increases the cytotoxicity of the C 10 and C 12 FA toward the studied leukemia cell lines.
FA at high concentrations are cytotoxic toward leukemia and melanoma cell lines (1) (2) (3) (4) . For example, a recent study established that the mitochondria from leukemic cells are more susceptible to the toxicity of FA than those from normal human lymphocytes (1) . In these studies a mixture of FFA in proportions similar to the ones found in human plasma was found to trigger apoptosis (DNA fragmentation) of Jurkat (T lymphocytes) and Raji (B lymphocytes) cells, which eventually led to the loss of cell membrane integrity (necrosis). No considerable difference in toxicity between the B and T cell lines was observed, but the toxicity correlates with the carbon chain length and number of double bonds in the FA chain (2) . For example, it was reported that dodecanoic acid is more cytotoxic than decanoic acid (2) .
Our group has synthesized and explored the bioactivity of a novel series of naturally occurring α-methoxylated FA for some time (5) . We have shown that this unusual group of FA displays comparable and, in most cases, even better antimycobacterial (e.g., 2-CH 3 O-10:0) (6), antibacterial (e.g., 2-CH 3 O-16:1∆6) (7), antifungal (e.g., 2-OCH 3 -14:0) (8) , and, more important, antileukemic (e.g., iso-2-OCH 3 -15:0) (9) properties than the corresponding nonmethoxylated FA. With these properties of the α-methoxylated FA at hand, we envisioned the possibility of synthesizing and exploring the antileukemic properties of other heteroatom analogs, namely, the unknown α-methylsulfanyl FA. The benefit of changing an oxygen atom for a sulfur atom has literature precedents, since there is considerable background in the literature regarding the metabolic effects of sulfur-substituted FA, in particular the hypolipidemic effect of the 3-thia FA (10, 11) . A good example is tetradecylthioacetic acid (TTA), which is a lipid-lowering agent, i.e., it displays hypotriglyceridemic and hypocholesterolemic properties (11) . In addition, TTA is incorporated into cell phospholipids and cannot be β-oxidized (10) . Despite these intensive studies, however, it appears that nothing has been reported regarding the metabolism and cytotoxic properties of another possible family of sulfur-substituted FA, namely, the α-methylsulfanyl FA.
In this work, we describe for the first time the preparation of 2-methylsulfanyldecanoic acid (1b) and 2-methylsulfanyldodecanoic acid (2b) and report that these sulfur FA analogs are more cytotoxic to the leukemia K-562 and U-937 cell lines than either decanoic or dodecanoic acid. The choice of these cell lines was based on having the cells in stock in our laboratories and on having the opportunity to compare the cytotoxicity of the new acids with that of our previous database of the 2-methoxylated FA against the K-562 cell line (9) .
MATERIALS AND METHODS

Instrumentation.
1 H and 13 C NMR spectra were recorded on either a Bruker DPX-300 or a Bruker DRX-500 spectrometer. 1 H NMR chemical shifts are reported with respect to internal Me 4 Si, and chemical shifts are given in parts per million (ppm) relative to CDCl 3 (77.0 ppm). Mass spectral data were acquired on a GC-MS (Hewlett-Packard 5972A MS ChemStation) instrument at 70 eV, equipped with a 30 m × 0.25 mm special performance capillary column (HP-5MS) of polymethylsiloxane cross-linked with 5% phenyl methylpolysiloxane.
2-Methylsulfanylation of the FAME. The C 10 and C 12 methyl esters (0.10 g, 0.47-0.54 mmol) were dissolved in dry THF (2 mL) at −78°C and were added dropwise to 1.2 equiv of a THF (1.5 mL) solution of lithium diisopropylamide (LDA: prepared from diisopropylamine and n-butyllithium at −20°C for 15 min under nitrogen). After stirring at −78°C for 45 min, dimethyl disulfide (1.2 equiv) was added to the reaction mixture, which was further stirred for 1 h. Then, the reaction medium was treated with a saturated NH 4 Cl solution and extracted with ether (2 × 5 mL). The organic phase was successively washed with a 0.1 M HCl solution (5-10 mL) and a saturated NaCl solution (5-10 mL) and then dried over Na 2 SO 4 to afford 0.10 g (0.38-0.43 mmol) of the 2-methylsulfanyl methyl esters as colorless oils in 76-86% yields after Kugel-Rohr distillation of the impurities. The higher yield (86%) was obtained for methyl 2- Saponification of the 2-methylsulfanyl FAME. Into a 25-mL round-bottomed flask was added the 2-methylsulfanyl methyl ester (0.050 g, 0.20-0.22 mmol) in 15 mL of 1 M KOH/ethanol and the mixture was refluxed for 1 h. The reaction mixture was then cooled to room temperature, and the ethanol was removed in vacuo. Hexane (15 mL) was added to the mixture, and the organic phase was washed twice with water (2 × 10 mL). The aqueous phase was then acidified with 6 M HCl and the FA extracted with ether (2 × 10 mL). The organic phase was separated, dried over Na 2 SO 4 , and the solvent removed in vacuo to afford the pure acids as colorless oils (0.030 g, 0.12-0.14 mmol) in 53-64% yield. The higher yield was obtained again for the 2-methylsulfanyldecanoic acid (1b).
( Cell culture. Two nonadherent cell lines were used in this study, namely, the human histiocytic lymphoma U-937 (ATCC CRL-1593), and human chronic myelogenous leukemia K-562 (ATCC CCL-243). These cells were cultured in RPMI 1640 medium that contained 10% Fetalclone III serum (K-562) or Cosmic calf serum (U-937) (Invitrogen, Inc., Carlsbad, CA) supplemented with 1% penicillin-streptomycin antibiotic solution (Sigma, St. Louis. MO). The cultures were maintained at 37°C in a humidified atmosphere of 95% air/5% CO 2 .
i) 2-Methylsulfanyldecanoic acid (1b
Cytotoxicity assay. Cells were inoculated into 96-well microplates at 5.0 × 10 5 cells/mL (100 µL/well) and incubated at 37°C for 24 h before treatment. Various concentrations (in DMSO) of test agents were added to the cells, followed by further incubation at 37°C for 48 h. The cells growing in suspension were fixed in situ with 50 µL/well of ice-cold 80% (wt/vol) aqueous TCA solution to produce a final concentration of 16% TCA (wt/vol). The plates were incubated for 90 min at 4°C after which they were washed five times with water and air-dried. A solution of 0.4% (wt/vol) sulforhodamine B in 1% (vol/vol) acetic acid was added (50 µL) to each well and incubated for 15 min at room temperature. The plates were washed five times with 1% (vol/vol) acetic acid, air-dried, and incubated with 10 mM Tris-base (pH = 10.4) with shaking for 15 min at room temperature. The absorbance at 490 nm of solubilized stain was measured on a microplate reader (MRX II; Dynex Technologies, Chantilly, VA). The concentration of FA that inhibited growth in 50% (EC 50 ) of the cells was calculated using the Prism Software (Graphpad, San Diego, CA) from titration curves generated from at least three independent experiments, each performed in triplicate.
RESULTS AND DISCUSSION
To the best of our knowledge, the synthesis of α-methylsulfanylated FA appears not to have been reported before; therefore, we developed an efficient synthetic procedure that would allow the preparation of a diverse series of α-methylsulfanylated analogs. We found that by starting with the corresponding methyl alkanoates, treatment of the corresponding lithium enolates in THF with dimethyl disulfide afforded the corresponding α-methylsulfanyl FAME in 76-86% yields (Scheme 1). The reaction proceeded even better than the α-methylation of methyl alkanoates with methyl iodide: Better yields were obtained, the purification of the product was easier, and no double α-methylsulfanylation was observed. As the chain length of the FAME increased, however, the α-methylsulfanylation became more difficult, i.e., 86% yield for the C 10 methyl ester vs. 76% yield for the C 12 methyl ester. For this reason, in the initial studies we concentrated our efforts on the synthesis of the short-chain C 10 and C 12 α-methylsulfanyl FA. Final saponification with KOH in ethanol afforded the desired α-methylsulfanyl FA in 53-64% yields (Scheme 1). Therefore, in following the above-described synthetic methodology, the desired 2-methylsulfanyldecanoic acid (1b) and 2-methylsulfanyldodecanoic acid (2b) were conveniently prepared in 40-55% overall yields from the corresponding parent methyl esters.
The spectral and GC data of both the methyl 2-methylsulfanylated alkanoates and alkanoic acids deserve special mention. The methyl 2-methylsulfanylated alkanoates displayed long retention times on nonpolar gas columns (HP-5MS capillary column) in the GC analysis owing to the presence of the sulfur functionality. For example, methyl 2-methylsulfanyldecanoate possesses an ECL value of 12.94, whereas the oxygen analog, namely, methyl 2-methoxydecanoate, has an ECL value of 11.22 (6) . The EI mass spectral fragmentation of the 2-methylsulfanylated FA is quite characteristic, with predominant cleavage occurring at the α-carbon atom of the carbonyl. For example, in the MS (70 eV) of 2-methylsulfanyldecanoic acid (1b), the base peak was observed at m/z 173 [C 10 + , a typical fragmentation in all of the α-methylsulfanylated FA (Fig. 1) . A less common mass spectral fragmentation was observed for 1b at m/z
with a considerable (85%) relative abundance. The 1 H NMR spectrum of 1b exhibited the H-2 hydrogen atom as a doublet of doublets at δ 3.44 ppm and the α-methylsulfanyl substituent as a singlet at δ 2.19 ppm. In the 13 C NMR spectrum of 1b, the C-2 carbon appeared at δ 51.5 ppm, and the methylsulfanyl substituent resonated at 13.7 ppm. The C-1 carbonyl group was observed at δ 174.3 ppm in 1b, more upfield than the 177-178 ppm absorption found for the carbonyl functionality in the 13 C NMR spectrum of most 2-methoxylated FA (6). These 1 H and 13 C NMR shifts
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FIG. 1. EI-MS (70 eV) of 2-methylsulfanyldecanoic acid (1b).
seem to be characteristic for saturated 2-methylsulfanylated FA and they should be useful for future reference of similar analogs.
The testing procedure described in the Materials and Methods section was followed for the acids 1b and 2b, and with decanoic and dodecanoic acids, to assess their effects on the two leukemia cell lines K-562 (ATCC CCL-243) and U-937 (ATCC CRL-1593) (Fig. 2) . 2-Methylsulfanyldecanoic acid (1b) displayed an EC 50 of 242 µM against K-562 and an EC 50 of 310 µM against U-937, whereas decanoic acid displayed values against K-562 and U-937 of only 411 and 648 µM, respectively (Table 1) . These results indicate that 1b is about two times more cytotoxic to K-562 and U-937 than the parent decanoic acid. In contrast, 2-methylsulfanyldodecanoic acid (2b) possesses an EC 50 of 213 µM against K-562 and an EC 50 of 375 µM against U-937, whereas dodecanoic acid displayed values against K-562 and U-937 of only 589 and 516 µM ( Table 1) . The second set of results confirms that 2b is also about two to three times more cytotoxic to K-562 and U-937 than dodecanoic acid. In addition to the above-mentioned FA, we also studied the cytotoxicity of the 2-methoxydodecanoic acid toward K-562 and U-937, to assess how the heteroatomic substitution of an oxygen for a sulfur atom affects the toxicity.
We have previously described the synthesis of 2-methoxydodecanoic acid (6) . Unexpectedly, the 2-methoxylation decreased even further the cytotoxicity of the parent decanoic acid, to values >1000 µM, against both cell lines (Table 1) . Interestingly, the cytotoxicity of the FA toward K-562 followed the order 2-SCH 3 -12:0 > 2-SCH 3 -10:0 > 10:0 > 12:0 > 2-OCH 3 -12:0, whereas the order of cytotoxicity of these same FA toward U-937 was 2-SCH 3 -10:0 > 2-SCH 3 -12:0 > 12:0 > 10:0 > 2-OCH 3 -12:0. These results clearly indicate that α-methylsulfanyl substitution increases the cytotoxicity of the C 10 and C 12 FA toward the studied cell lines. Consequently, such a functionalization should be useful for other FA to enhance the cytotoxicity toward these leukemia cell lines. However, the therapeutic potential of the α-methylsulfanylated FA remains to be elucidated.
It is important to emphasize that the 2-methylsulfanyl substitution described herein does not necessarily increase the toxicity of FA toward other biological systems. For example, following a procedure that we already described (6), we explored the inhibitory activity of the 2-methylsulfanyldecanoic acid (1b) toward Mycobacterium tuberculosis H 37 Rv. We had previously shown that the 2-methoxydecanoic acid, as well as decanoic acid, inhibited M. tuberculosis H 37 Rv (6) . Interestingly, we found that acid 1b displayed no inhibitory activity toward M. tuberculosis H 37 Rv, i.e., minimum inhibitory concentrations exceeded 300 µM. Therefore, the 2-methylsulfanyldecanoic acid (1b) seems to possess some specificity toward the leukemia cell lines studied herein.
As to the mechanism of cytotoxicity displayed by these novel α-methylsulfanylated FA, we may only speculate now. Analogous to the reported mechanism of the normal-chain FA with the Jurkat and Raji cells (1), one possible mechanism of action for the α-methylsulfanylated FA is to trigger apoptosis (DNA fragmentation) followed by loss of cell membrane integrity (necrosis); indeed, the mitochondria from leukemic cells are known to be more susceptible to the toxicity of FA (2). Evidently, the α-methylsulfanyl functionality possesses advantageous properties to induce apoptosis in these FA compared with normal-chain FA. Certainly, since the sulfur atom is more polarizable than carbon, these acids are more acidic (pK a ∼ 3.7) than the corresponding parent normal-chain FA (pK a ∼ 4.8), but less acidic than the 2-methoxylated FA (pK a ∼ 3.5), and these pH differences could influence the cytotoxicity of the sulfanylated FA (12) . Moreover, the α-methylsulfanylated FA are expected to be more polar than the normal-chain FA, which makes them more soluble in water, a fact that could also affect the delivery of the FA to the active site in the targets.
Another difference that needs to be addressed is the impairment and/or selectivity that the α-methylsulfanyl substituent exerts on either the mitochondrial or peroxisomal β-oxidation of these FA in leukemia cells (13, 14) . If the α-methylsulfanylated FA are oxidized and/or metabolized more slowly than the normal-chain FA, this implies a longer half-life of these FA in the cells and more time to exert their toxic effects. For example, it has been reported that 2-methyldecanoyl-CoA, in contrast to its unbranched analog, was not oxidized by rat-liver mitochondria and purified enzymes; however, 2-methylhexadecanoyl-CoA was oxidized, although more slowly, than palmitate (13). 
